Flames at very low pressure h a w a relatively thick reaction zone (or flame front) and are especially suitable for detailed study of the combustion processes and of the distribution of energy during the reaction. Temperature measurements have been made, by various spectro scopic methods, on flames of acetylene with air, oxygen and nitrous oxide, in some cases down to a pressure of 1-5 mm. Hg. The excitation temperature has been measured through the reaction zone by the spectrum-line reversal method using Fe, introduced as the carbonyl; the characteristics of the flame containing Fe(CO)6 are described. The rotational temperature of the excited OH radicals has been determined from the emission spectrum; at pressures above 10 mm. it is fairly constant at around 5700° K, but at lower pressure rises to a higher value of nearly 9000° K. The results are explaihed in terms of the collision and radiative deactivation of the electronically excited OH radicals. These radicals are believed to be formed, as the result of chemical reaction, in the excited 2S state and with a rotational energy equivalent to above 9000° K. Deactivation by collision appears to occur on the average after about forty collisions, if a normal collision diameter is assumed. Removal of electronic excitation occurs mainly by collisions with 0 2 molecules, but COa or CO molecules are most effective in removing rotational energy. The variation of concentration of OH through the reaction zone has been determined by its absorption spectrum; it is abnormally high just below the visible reaction zone. Calculations of flame temperature and composition are given. The lack of equipartition of energy is discussed.
Flames at very low pressure h a w a relatively thick reaction zone (or flame front) and are especially suitable for detailed study of the combustion processes and of the distribution of energy during the reaction. Temperature measurements have been made, by various spectro scopic methods, on flames of acetylene with air, oxygen and nitrous oxide, in some cases down to a pressure of 1-5 mm. Hg. The excitation temperature has been measured through the reaction zone by the spectrum-line reversal method using Fe, introduced as the carbonyl; the characteristics of the flame containing Fe(CO)6 are described. The rotational temperature of the excited OH radicals has been determined from the emission spectrum; at pressures above 10 mm. it is fairly constant at around 5700° K, but at lower pressure rises to a higher value of nearly 9000° K. The results are explaihed in terms of the collision and radiative deactivation of the electronically excited OH radicals. These radicals are believed to be formed, as the result of chemical reaction, in the excited 2S state and with a rotational energy equivalent to above 9000° K. Deactivation by collision appears to occur on the average after about forty collisions, if a normal collision diameter is assumed. Removal of electronic excitation occurs mainly by collisions with 0 2 molecules, but COa or CO molecules are most effective in removing rotational energy. The variation of concentration of OH through the reaction zone has been determined by its absorption spectrum; it is abnormally high just below the visible reaction zone. Calculations of flame temperature and composition are given. The lack of equipartition of energy is discussed.
I n t r o d u c t io n
The flat, relatively thick, flames of gases burning at low pressure are particularly suitable for detailed examination of the chemical and physical processes occurring in the reaction zone. Preliminary accounts have already been given of the nature of the phenomena which have been observed in these low-pressure flames (Wolfhard 1943; Gaydon 1947; Gaydon & Wolfhard 1948) . The pre-mixed gases are burnt at the top of a quartz or Pyrex tube in a large vessel which is continuously evacuated. I t is found th at the lowest pressure at which a stable flame can be maintained depends on the diameter of the burner tube, being roughly inversely proportional to this diameter. Thus to obtain flames at very low pressure it is necessary to use tubes of large diameters, and consequently a high mass-flow of gas and high pumping speed.
The acetylene flame is one of the most suitable for investigation, as it is relatively bright and can be run at lower pressure than other gases for similar burner size; with a burner of 35 mm. diameter a flame can be maintained at a pressure slightly below 2 mm. Hg. A previous paper (Klaukens & Wolfhard 1948) has reported some thermocouple measurements on the temperature distribution through this flame, and in this paper temperature measurements by spectroscopic methods are described. I t should, of course, be realized that neither thermal nor chemical equilibrium is established in the reaction zone of the flame, and it is not therefore possible strictly to define the temperature. I t is, however, possible in some cases to determine an effective temperature for the energy in some particular degree of freedom, and this will enable us to obtain a fuller understanding of the distribution of energy among its various possible forms in the flame gases, and to follow the change in this dis tribution as we pass through the flame front.
A . G. G aydon and H . G. W olfhard E x c it a t io n t e m p e r a t u r e s b y t h e s p e c t r u m -l i n e r e v e r s a l m e t h o d
Flame temperatures are frequently measured by the sodium-line reversal method (for a description and criticism see Gaydon 1948) . At atmospheric pressure it is probably a satisfactory method for the main body of the flame, although in the inner cone the emission of the sodium lines is often abnormally strong because the atoms are excited by collisions with active species formed in the combustion processes so that the effective temperature of the sodium atoms exceeds th at for thermal equilibrium. We thus arrive at the concept of an 'excitation tem perature' in the reaction zone of a flame. This excitation temperature may be defined as equal to the brightness temperature of a background source which, when viewed through the flame, gives the spectrum line under examination neither as a bright line nor reversed by absorption. The value of the excitation temperature may vary with the nature of the element being excited, and even from line to line in the spectrum of the same element.
The usual substance for measuring temperatures by the spectrum-line reversal method is sodium, but other alkali-metals or alkaline earth metals have frequently been used. In low-pressure flames it is difficult to colour the flame with any of these elements because ordinary atomizers will not work at such low pressure. Some preliminary observations were made with the mercury line 2537 A, but absorption in the gases surrounding the flame and in the air of the laboratory caused trouble. One of the simplest metals to introduce into a flame is iron, which can be added as the volatile carbonyl. This substance is an anti-knock, and might influence the flame speed and combustion processes if added in appreciable amount, but in the small concentrations used in these experiments it did not appear to influence the flame speed appreciably.
The flame containing iron carbonyl
The low-pressure flame containing Fe(CO)5 has a rather unusual appearance, and it is of interest briefly to describe the principal features. A diagram of the flame is shown in figure 1 . Directly below the main visible flame front is a yellow layer from which yellow streaks spread upwards. There is also a faint yellow cone, slowly changing to green, above the bright blue-green reaction zone of the flame. This yellow region shows the banded spectrum of FeO. Below the reaction zone, and separated from it by a distance about equal to the thickness of the zone, is a pale luminous region, the spectrum of which appears to consist of a continuum from the yellow to blue-green. This 'fore-zone' is distinctly separated from the main reaction zone, and is best seen when the main flame is weakened by adding excess air or 0 2. I t is presumably connected with the initial decomposition of the carbonyl. 
The experimental arrangement
The excitation temperature of the iron lines was found to be so high th at it was found difficult to obtain a black body a t sufficiently high temperature to give reversal of the iron lines. W ith the oxy-acetylene flame, indeed, reversal could not be obtained, and hence the method was only applied to the acetylene-air flame. The hottest available background source was the carbon arc (~ 3800° K), but this did not prove suitable because of some banded structure in its spectrum around 2500 A (CO Fourth Positive and Mulliken's C2 bands), and because of intense scattered visible light. A hydrogen discharge tube was therefore used as source; in the region of 2500 A this had a brightness temperature of about 3500° K. The hydrogen lamp was of the low-tension hot-cathode type, this having a larger luminous area and giving more uniform illumination than some high-tension types. An image of the hydrogen lamp was formed in the reaction zone of the flame, and a second image of this and the flame together was then formed with a second lens on the slit of the spectrograph. A medium-size quartz spectrograph (Zeiss Q 24) was used. A rotating sector enabled the effective brightness temperature of the hydrogen lamp to be varied at will. The value of this temperature was determined photographically by comparison with a carbon arc, which was assumed to have a brightness temperature of 3855° K in this region. The flame was held as steady as possible throughout the exposure time, and a hair line across the slit and the image of the top of the burner tube enabled the point at which the excitation temperature was being measured to be located with respect to the top of the burner and the emission from the flame. As reported in previous publications, the OH and C2 bands occur rather lower in the flame than the bands of CH, and it is of interest to compare the excitation temperature of Fe in the flame with the regions of excitation of C2, etc., as indicated in figure 2. The measurements were made with a burner of 21 mm. diameter, the acetylene-air flame having a pressure of 57 mm. Hg.
Results
While the absolute value of the excitation temperature of the Fe atoms may not be determined with high accuracy, the results are sufficient to show that the excita tion temperature greatly exceeds the theoretical flame temperature (see later) and to give the trend of the excitation temperature as we pass through the flame front. The results are shown diagrammatically in figure 2. The temperature obviously must rise from below, and the fall after passing through the centre of the reaction zone is to be attributed to the closer approach to thermal equilibrium as higher points in the flame are reached. All the iron lines do not reverse at exactly the same temperature, and on some plates it is possible to see the Fe line at 2483*28 A reversed while several neighbouring lines are visible in emission. Our results, showing an abnormally high excitation temperature in these low-pressure flames, differ from the observations by Lewis & von Elbe (1943) using the sodium-line method on flames at atmospheric pressure. The thickness of the reaction zone in the flames at atmospheric pressure is so small th at it is doubtful whether their observations were sufficiently sensitive to detect the sharp rise of temperature in this zone.
R o t a t io n a l t e m p e r a t u r e o f t h e O H b a n d i n e m i s s i o n
The average energy of rotation of the excited OH radicals can be determined from the rotational intensity distribution within the (0,0) band a t 3064 A. Assuming th a t there is approximately a Maxwell-Boltzmann distribution of rotational energy among the radicals, the result may be expressed as an effective rotational tem perature of these radicals. Measurements of this type have been made by a number of investigators (e.g. Oldenberg 1934), and Wolfhard (1939) made some measure ments on the inner cones of flames a t atmospheric pressure. An ordinary Bunsen flame gave a temperature of 5700° K, while an acetylene-air flame gave about 5400° K. The oxy-acetylene flame gave about 4000° K, the lower value being a ttri buted to mixing of the radiation with th at from the hot gases surrounding the inner cone, the concentration of OH being much higher in this flame. The accuracy of these measurements a t atmospheric pressure was not very high because of the limited resolving power of the spectrograph employed, but was quite adequate to indicate the order of temperature and to show the lack of equipartition of energy in tjie flame front. Kondratjew & Ziskin (1937) have made measurements of the rotational temperature of OH in absorption.
Method
Most of the measurements were made using a large Littrow-type quartz spectro graph designed by Dr H. J. Hiibner. This has a focal length of about 6 ft. and employs one 60° and one 30° prism. I t is especially suitable for intensity work as it was designed to minimize scattered light; the real image of the slit formed by reflexion in the lens is eliminated in the usual way with a stop, while the virtual image is removed by rotating the lens slightly. This instrument has a resolving power of about 50,000, and the Fe lines at 3099-90 and 3099-97 A are clearly resolvable. A few measurements, especially of the weaker flames with air, were made with a medium quartz spectrograph, and the results with the two instruments were con sistent to within the accuracy of the measurements, about 300° C. With the smaller instrument the lines Qx 6 |, 9 |, 14£, 15|, Q2 6£, 7£, l 21$, 22$, 23$, 24$, 26$, P2 13$, 21$, 23$ and 25$ were found to b lapping and therefore most suitable. W ith the larger instrument it was possible to use a greater number of lines, including R2 16$, 19$ and 23$.
The spectrum of the flame was first photographed using a sharply focused image on the slit; a quartz fluorite achromatic lens was used. A hair across the slit served to give a reference mark along the spectrum to ensure th at measurements of all lines were made for the same part of the flame. The plate was then racked down and intensity marks were put on using the usual sector arrangement; for this a lens immediately over the slit was used to focus an image of the source (either an Fe arc or the flame itself) on to the lens of the spectrograph to ensure uniform illumination of the slit. The relative intensities of lines in different parts of the spectrum which have the same initial levels were compared theoretically and experimentally; this enabled errors due to change of plate sensitivity with wave-length or to change of aperture of the spectrograph with wave-length to be checked. Slight errors of this type were found, but correction of these did not significantly change the slope of the line from which the temperature was determined. The intensity measurements were made with the usual type of non-recording microphotometer, using a photocell and galvanometer.
The intensity of any line of the OH band depends on the product of the population of the initial energy level and the transition probability. * Formulae for the transition probabilities for the lines of the various branches of a 2£ -> 2II transition have been given by Earls (1935) , and numerical values for the required lines have been evaluated by us using a value of -7 for the constant A = Indicating the transition probability for any line as P, the expression for the intensity I takes the form / = CPv*e~ErlkT & where C is an arbitrary constant, v is the frequency of the line, T is the absolute temperature and Er is the rotational energy, which is nearly equal to +1), where B' is the rotational energy constant and K' is the rotational quantum number for the excited 22 state. B' has the value 16-95 cm.-1. Thus by plotting the log of the observed intensity minus log (P x iA) against the rotational energy term, or with sufficient accuracy against K'{K' + 1), it is possible to calculate the temperature from the slope of the fine. This line will only be straight if the molecules have a Maxwell-Boltzmann distribution of rotational energy. Any failure in this respect, due, for instance, to chemiluminescent excitation to selected levels, will show as a deviation of the curve from a straight line.
Results
The variation of rotational temperature through the reaction zone. For flames of acetylene with oxygen the curve comes fairly straight, indicating a fairly good approach to a Maxwell-Boltzmann distribution of rotational energy. The temperature has been determined at the base, centre and top of the reaction zone, using a burner of 21 mm. diameter and a gas pressure of 6 mm. The results are This indicates th at the temperature is highest in the very front of the flame, and falls as higher levels in the flame are reached. The relative total strength of the OH band in these three regions is about 5:2:1.
Variation of temperature with pressure. Using approximately stoichiometric mixtures of oxygen and acetylene, the rotational temperatures have been deter mined for the centre of the visible flame using burners of different diameter, and I t may be noted th a t the temperature of 5700° K is of the same order as a t atm o spheric pressure. I t seems th a t provided there is not too much blending with radiation from the outer cone, the temperature for the reaction zone measured in this way is around 5700° K at gas pressures above about 10 mm. Below this pressure, however, there appears to be a change, the temperature rising. I t seems th at below this pressure there is less chance of loss of energy by collision, and the departure from the theoretical flame temperature, which is very marked even a t atmospheric pressure, becomes even greater. At the lowest pressure the curve is not so straight, tending to indicate a lower temperature at points involving the lower rotational energy levels, and a higher temperature for points of high This indicates some departure from a Maxwell-Boltzmann distribution.
Variation with mixture composition. The rotational temperature at the centre of the flame has been determined for rich and weak mixtures, as well as the stoichio metric mixture: The rotational temperature is highest for mixtures containing excess acetylene. The total strength of the OH radiation does not vary rapidly with mixture com position, but is rather greater for the weak mixtures (0 2 excess). Flames with air and nitrous oxide. The acetylene-air flame has been examined at a pressure of 25 mm. Hg using a 34 mm. burner. In this case the slope of the curve is far from constant, indicating a departure from the Maxwell-Boltzmann distribution. This is shown in figure 3 . The points are rather scattered because this flame is not very luminous and it was necessary to use the smaller spectrograph with a con sequent loss in accuracy. However, it is clear from the measurement of a number of plates that the curve can be regarded approximately as consisting of two straight lines, the points for spectrum lines arising from levels of low rotational energy falling on a line corresponding to a temperature of about 2850° K, while the points involving levels of high rotational energy give about 5700° K. This latter value is about the same as for an ordinary Bunsen or for an oxy-acetylene flame at this pressure.
The flame of acetylene burning with nitrous oxide has a similar characteristic, the curve being again separable into two roughly straight portions, the slopes of which give temperatures of about 2840 and 3960° K. It may also be noted th at while an oxy-hydrogen flame has a rotational temperature for the (0,0) band of OH of about the theoretical value for the low-pressure flame (2330° K), the introduction of a trace (less than 1 %) of acetylene has a marked effect. The intensity of the OH bands is considerably increased and the curve for the rotational temperature again becomes complex, the part for levels of low rotational energy remaining at a slope corresponding roughly to the theoretical temperature, while th at for high rotational levels gives a very high rotational temperature, 8700° K a t 7 mm., and even higher at lower pressure. This suggests that in these flames the excitation may be by two processes. Mole cules excited as a direct result of the flame reactions have a very high rotational temperature, which causes a high population for the highly excited rotational energy levels, while excitation to the lower rotational levels is mainly due to ordinary thermal processes. Points based on the higher rotational levels then give an effective temperature for the molecules excited by the reaction processes, while the points from the lower rotational levels give the temperature of the thermally excited molecules, which is usually near the theoretical flame temperature. 
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A b s o r p t io n m e a s u r e m e n t s o n OH
For the observation of the OH band in absorption it is necessary to use a spectro graph of high resolving power, such th at the instrumental line width is at least comparable with the width of the absorption lines of OH. This width is about 0-3 cm.-1, while that of the large quartz Littrow-type instrument used appeared to be about 0-7 cm.-1. This resolving power was sufficient to enable observation of the OH absorption, but it was not possible directly to determine the concentration of OH by measuring jocl dv,where a = absorption coefficient, l = length of absorbing layer and v = frequency. I t was, however, possible to obtain an approximate value by neglecting small errors, since the absorption was weak. For a photographic plate the curve of density against log intensity is straight over a limited range. Thus, writing I = 70 e~al, I -10 will be proportional to od for weak abso absorption lines are measured with a photometer having a slit width greater than the line-width, it is possible to obtain an approximate value for od. By multiplying by the width of the photometer slit, in cm.-1, we obtain a value for ^ccldv. By comparing these values of ô c l d vw ith those obtained by Oldenberg & who used very high dispersion to measure the OH bands in the dissociation of water vapour a t about 1400° C, we can examine the concentration of OH through the flame. For approximately stoichiometric mixtures of acetylene with oxygen it was not possible to measure the absorption by OH in the flame because the excitation tem perature for the OH band exceeded th at of any available background source. By using a carbon arc it was, however, possible to obtain satisfactory absorption with acetylene-air mixtures and with acetylene-oxygen mixtures containing a fair excess of oxygen.
W ith a burner of 21 mm. diameter the partial pressure of OH came out about 0*7 mm. both with a C2H 2-air flame (at 30 mm. pressure) and with a weak oxyacetylene flame (pressure 4 mm.). Somewhat similar values were obtained with a burner of 13mm. diameter. The variation of the partial pressure of OH through the reaction zone can be seen from figures 4 and 5 in which od is plotted against height above the top of the burner. The approximate position of the visible reaction zone is indicated, this being determined with the aid of a calibrated telescope. The partial pressure of OH above the reaction zone is only slightly higher than th at to be expected for equilibrium at the theoretical flame temperature, but in front of the visible reaction zone, where the temperature measured with a thermo-couple is about 1000° C, the concentration is far higher than for thermal equilibrium. This result may be slightly influenced by the flame overhanging the burner a little instead of being quite flat, but the main result is clear and indicates either abnormal production of OH in this region by pre-flame reactions or else diffusion of OH from the flame back against the gas stream.* I t has not been possible to determine the rotational temperature of the OH radicals by comparison of the strengths of the lines in absorption, but it seems unlikely th at the rotational temperature measured in this way would be very different from the theoretical flame temperature, as it is in emission. In the preflame region where the absorption, though weak, is stronger than would be expected, the intensity maximum of the lines of the Q branch lies near the 5th or 6th Q line, which gives a temperature of around 1000° K.
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T h e o r e t ic a l c a l c u l a t io n s o f t e m p e r a t u r e a n d c o m p o s it io n
In order to compare the observed temperatures with the theoretical temperatures in these flames, so as to obtain some idea of the extent of departure from thermal equilibrium, the theoretical temperatures have been calculated for various mixtures. The concentrations of the various molecules and free atoms and radicals have also been calculated in some cases. These calculations have been made in the manner described by Damkohler & Edse (1943) . They assume no loss of heat from the flame either by radiation or to the burner walls, and take account of the following equilibria H 2(M H 2 + | 0 2, 0 2^0 + 0 , C 02^C 0 + | 0 2. H 2O^O H + £H2, H 2^H + H, It is assumed that there is no solid carbon formation, and th at all fuel molecules are burnt, without formation of partially oxidized compounds such as alcohols or * Some preliminary calculations indicate that the high concentration is probably due to diffusion; the distance which a molecule may diffuse is of the same order as the flame thickness.
aldehydes. For weak, stoichiometric and slightly rich mixtures these assumptions are not likely to lead to error. W ith very rich mixtures some departure from the calculated values may occur through failure of these assumptions, although no carbon formation occurred under the conditions of the flames discussed here.
The following are the calculated temperatures of oxy-acetylene flames at atmo spheric pressure and a t a hundredth atmosphere, Spectroscopic studies of low-pressure flames The acetylene-air flame has a theoretical temperature of 2520° K a t atmospheric pressure, and this temperature will only fall relatively little a t the pressures used in these investigations, as the flames with air do not burn at such low pressure as with oxygen and the dissociation to CO and free atoms is less important in the cooler flame. and oxygen is very considerable, but the influence of reduced pressure in increasing this dissociation is largely offset by the lower temperature. Thus the concentration of atomic oxygen rises from 12 % at la tm . to 14| % at j^^atm ., that of atomic hydrogen rises from 7 to 13 % for the stoichiometric mixture, while that of OH shows a slight fall from 11 | to 9 | %. The proportion of C 02 falls appreciably, owing to the greater dissociation to CO and oxygen at the lower pressure, and this is the main reason for the lower flame temperature. 
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D i s c u s s i o n o f r e s u l t s
I t is quite clear from the measurements th at there is a very considerable departure from thermal equilibrium in the reaction zone. The spectra of these low-pressure flames are closely similar to those of the corresponding flames at atmospheric pressure. The thickness of the zone at low pressure is about 200 times the mean free path of the gas molecules (A~0*1 mm. at 2 mm. pressure and 2500° K); this ratio of the thickness of the reaction zone to the mean free path is about the same as at 1 atm. The number of collisions made by a molecule as it passes through the reaction zone remains at about 104, and it may be especially noted th at the flame velocity shows hardly any change between 1 atm. and these lowr pressures; for the oxyacetylene flame it is constant a t about 900 cm./sec. Thus it seems most likely th at for these hot flames the reaction processes are not so very different at low pressure and at atmospheric pressure. Slow combustion and ignition processes are, of course, more sensitive to changes of pressure and to surface effects. The chief difference between the hot flames a t normal and low pressure is probably the smaller tendency to carbon formation, because the low pressure does not favour rapid polymerization. However, on the whole it seems th at while results from low-pressure flames may not be quantitatively applicable to combustion processes at atmospheric pressure, they should serve as valuable pointers to the types of process occurring.
All these spectroscopic methods of measuring the temperature appear to give values which are much too high. This might appear to indicate that the flame con tains some active species, such as for example an abnormally high concentration of fast electrons, which cause strong excitation of all substances in the flame. However, this is not supported by the observation th at all the Fe lines do not reverse at the same temperature, or the fact th a t the rotational temperatures are in general higher than the excitation temperatures. Thus in the low-pressure flame of acetylene with air we have, Theoretical flame temperature 2400° K Excitation temperature by Fe lines 3500° K Excitation temperature of OH < 3800° K Rotational temperature excited OH 5700° K
On the other hand, the temperature of the unexcited OH radicals (observed by absorption) probably does not differ much from the theoretical equilibrium value. I t seems fairly certain that in these flames with acetylene the excitation of the OH is due to chemiluminescence. This is shown by the great strength of the OH radiation from these flames; it is around 500 times greater than from an oxy-hydrogen flame which has a comparable temperature and OH concentration. Also the OH radiation is vastly stronger in the reaction zone than just above, where the radiation is no doubt mainly thermal in origin. At pressures in excess of 10mm. Hg the rotational temperature from the OH emission seems to be always around 5700° K (C2H2-air 5700° K at 25 mm. and 5400°K at 1 atm.; C2H 2-0 2 5700°K at 13mm.; Bunsen flame 5700°K), but at lower pressure there is some change occurring, and the temperature has a higher value. There are probably four main effects to be considered, (i) deactivation of electronic ally excited OH by collision, (ii) deactivation by radiation, (iii) transfer of rotational energy from one OH radical to another, and (iv) conversion of rotational energy into some other form by collision. At 10mm. pressure and at the theoretical flame temperature the time between collisions, if we assume a normal collision diameter for excited OH, is around 10-7 sec., rising to 5 x 10-7 at 2 mm. pressure. We have no independent knowledge of the probability of deactivation by collision but it is known from quenching of fluorescence that in general collision processes may com pete with loss of energy by radiation at pressures above a few mm., and in the case of excited OH there seems the additional chance of chemical reaction. It is known from the work of Oldenberg & Rieke (1938) that the average radiative life of excited OH is about 4 x 10~6 sec., which is rather longer than for most electronically excited molecules. Thus, if it has a normal collision diameter, an excited OH radical may make about 60 collisions during its radiative life at 10 mm. pressure, but only around 8 at the lowest pressure (1-5 mm.) used in these investigations. The emitting mole cules have a very high rotational temperature while the unexcited molecules do not seem to have such a high temperature, so that there does not appear to be main tenance of equilibrium by rapid transfer of rotational energy between excited and unexcited OH. On the other hand the rotational temperature does change as we pass through the reaction zone and is markedly influenced by pressure at very low pressures; thus there is evidence that some, but not complete, conversion of rotational energy to some other form does occur during the life of the excited radicals.
I t did not, at first, appear easy to reconcile these varied observations and to give a complete theory of the processes connected with the activation and deactivation of the OH radicals. However, the following hypotheses seem to give a satisfactory and co-ordinated explanation of the phenomena so far observed. It may be assumed th at excited OH radicals are formed in two ways, (a) By thermal excitation of OH radicals; excited radicals of this type will then have a fairly normal rotational energy distribution and are responsible for the OH emission from above the reaction zone,* and in some cases for the major part of the radiation from levels of low rotational energy in the reaction zone; they thus account for the fairly normal temperatures sometimes obtained by using points at low K' on the rotational temperature curve. (6) By chemiluminescence; the OH radicals are assumed to be formed in an excited electronic state, perhaps by reaction of some organic molecule, and as thus formed have a very high rotational energy, above 9000° K, and have initially an approximately Maxwell-Boltzmann distribution of rotational energy. If these molecules were to lose rotational energy in large amounts at single collisions then the Maxwell-Boltzmann distribution would be destroyed, which does not appear to be the case. Therefore, we assume that the conversion of rotational energy into other forms occurs only by a unit or so at each collision so that after a number of collisions the effective rotational temperature may fall but the departure from the Maxwell-Boltzmann distribution will not be appreciable. The fundamental conclusion is now that at pressures above about 10mm. the life of the excited OH is determined primarily by collision deactivation and th at this occurs, on the average, after a moderate number of collisions, probably about 40 if excited OH radicals have a normal collision diameter. During these 40 or so collisions the radicals will have lost a part of their high rotational energy so th at the emission spectrum from the reaction zone gives a sort of average rotational temperature between the initial high value and the value to which it is lowered by collisions; in practice this value appears to be around 5700° K, varying a little perhaps with gas composition. At lower pressure, however, deactivation of OH by radiaf ion becomes relatively more important and begins to compete with collision deactivation as the factor deter mining the life of excited OH. Thus as we go to lower pressure the radicals make * In previous work by one of us (Wolfhard 1939) the OH radiation from the inter-conal gases was found to give a rotational temperature about 200° K too high, but this value is now known to be in error by about this amount because of inadequate allowance for change of plate sensitivity and of aperture with wave-length.
fewer collisions before losing their electronic excitation, and therefore their average rotational temperature is nearer to the high initial value of at least 9000° K.
Taking this as a basic explanation of the main results we may now speculate on the more detailed nature of the collisions responsible for the deactivation of elec tronically excited OH and the conversion of rotational energy to other forms. We may make use of five main observations, (i) When a trace of acetylene is added to an oxy-hydrogen flame a t about 7 mm. pressure the rotational temperature has the very high value of 8700° K compared with about 6000° K for a pure oxy-acetylene flame a t th at pressure, (ii) In stoichiometric mixtures the rotational temperature falls as we pass through the reaction zone, being highest a t the base of the flame, (iii) In the flame with N20 the rotational temperature, although still abnormally high, is much lower than with 0 2 or air, being about 3960° K. (iv) At very low pressure rich mixtures of acetylene with oxygen give a higher temperature than weak mixtures, (v) The limiting temperature above 10 mm. pressure with air and 0 2 is not very different, being around 5700° K.
For (i), the chief difference between the pure oxy-acetylene flame, and the flame of oxy-hydrogen containing a trace of C2H 2 (which gives the higher temperature) is the absence of appreciable quantities of CO and C 02 from the latter; now, at the same pressure, a higher temperature could be caused by either a more efficient collision deactivation of electronically excited radicals (so th at there is less time for loss of rotational energy by other collisions), or a less efficient conversion of rotational energy to other forms by collision; since absence of a particular constituent cannot account for a more efficient deactivation, the role of CO or C 02 must be in their conversion of rotational energy. We thus conclude th at the most important collisions for conversion of rotational energy of OH to other forms of energy are those with either CO or C 02 molecules, probably the latter. Observations (ii) and (iii), the higher temperature at the base of the flame and the lower temperature with NaO, are most easily accounted for by assuming that molecules of 0 2 are mostly respon sible for removal of electronically excited OH; rapid removal of excited OH gives a high temperature, while slow removal allows more time for the rotational energy to fall; in the flame with nitrous oxide there is little 0 2 present, so the temperature is low (this explanation assumes that the excited OH is formed by the same reaction in the flame with N20 as with 0 2); in flames with oxygen the concentration of 0 2 is highest at the base of the flame, where it causes efficient removal of excited OH and a high rotational temperature, while higher in the flame most of the 0 2 is con sumed, so there is less efficient removal of OH and more time for loss of rotational energy. For the explanation of (iv), the higher temperature with rich mixtures, we may note that the active molecules for collisions, 0 2 and C 02, tend to increase together for weak mixtures and to decrease together for rich mixtures; thus for weak mixtures both deactivation of electronically excited molecules and removal of rotational energy will be favoured, so that the ' transition point ' for change over from collision to radiative deactivation as the dominant factor will lie at lower gas pressure than for rich mixtures; thus at equivalent pressures in the neighbourhood of the transition point the rich mixtures will give higher rotational temperatures than the weak ones. Observation (v), the nearly equal temperatures with air or oxygen, is most simply explained by assuming th at nitrogen molecules are relatively inactive both for removal of electronic and rotational energy.
The high excitation temperatures in the flames as determined with Fe lines does not seem to be directly related to the excitation of OH. I t is possible that collisions with excited OH radicals, leading to excitation of Fe, may raise the average effective temperature of the Fe atoms. I t is also likely th at there is some incomplete equipartition of energy in other forms in the reaction zone of the flame. In its passage right through the reaction zone a molecule makes of the order 104 collisions, but the number of collisions made by molecules which are actually formed in some part of the reaction zone may be appreciably smaller. I t is unlikely that complete equipartition of vibrational energy is maintained or th at recombination of free atoms can keep pace with changing conditions. Such factors may clearly be able to give temperatures appreciably above or below the theoretical values for special forms of excitation.
The present observations have established some facts about the degree of departure from equipartition of energy in the reaction zone, especially for the excited OH radicals. I t is hoped to extend this type of work to other flames and to apply it to other radicals such as C2 and CH. Quantitative measurements of light yield for various flames at various pressures are also likely to improve our understanding of flame reactions.
In conclusion we wish to express our sincere thanks to Sir Alfred Egerton for his interest in these researches, and one of us (A.G.G.) is indebted to the Royal Society for the award of a Warren Research Fellowship.
